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by 

Eric  B.  Kula 
Norbert  H.  Fahey 
Vtatertovn  Arsenal  Laboratories 


/  y'  INTHODUCTION 

The  cnrrent/^terest  in  sheet  material  has  enphasized  the^^d 
for  a  more  accuTa'6e^ imderstanding  of  the  siCTificance  of  ductfeixv  of 
materials.  This  is  especially  true  of  elon^tlon .  vhich  is  the  most 
common  loeans  of  assessing  the  ductility  of  sheet  materials  .J  Unfor- 
ttmately^  f^ongation  values  depend  on  such  geometrical  factors  as 
specimen  "clSrckness  and  width  in  addition  to  gage  length  and  the  inher¬ 
ent  ductility  of  the  material  itself. J  As  a  convenience,  a  constant 
gage  length  and  specimen!! width  are  used  as  the  A.S.T.M.  standard  sheet 
tensile  specimen^,  but  this  means  that  ^he  elongation  of  specimens  of 
different  thicknesses  are  not  strictly  cogparable.  j  If  an  interrela¬ 
tionship  between  elongation,  gage  length,  speclHgn  width,  and  specimen 
thickness  could  be  determined,  either  analytically  or  eitplrically,  it 
would  be  possible  to  correlat^^ctility  for  materials  of  widely  diff¬ 
erent  size  and  shape. 

Eecognizing  that  elongation  values  can  be  affected  by  end  re¬ 
straint,  type  of  frantirre,  etc.,  but  convinced  that  elongation  is  more 
dependent  on  specimen  size,y^e  primary  purpose  of  this  paper  is  to 
obtain  a  greater  understand!^  of  elongation  as  a  measure  of  the  duc¬ 
tility  of  plate  and  sheet  materials  as  affected  by  specimen  size  and 
gage  length.  J  These  other  variables  were  studied,  together  with  the 
influence  of  specimen  geometry  on  yield  and  tensile  strength,  and  will 
be  reported  at  a  later  date. 

LITERATUKE  REVIEl^ 


There  has  been  considerable  interest  in  the  effects  of  specimen 
geometry  on  tensile  properties  end  especially  elongation  in  the  past, 
The  older  Buropeen  llteratuTT:  -;cetooen  reviewed  in  Handbuch  der 
Werkstof fprufung'- ,  whereas  much  of  the  American  literature  is  reviewed 
in  a  recent  DMIC  report3. 


Quantitative  relations  between  elongation  and  gage  length  and/or 
cross-section  geometry  generally  take  two  forms: 

a.  variation  of  elongation  with  gage  length  for  specimens  of 
a  given  cross-section,  and 

b.  variation  of  elongation  with  specimen  area  in  specimens 
with  differing  cross-section  size  anc^^r  gecanetry  but  with  the  same 
gage  lengtl^ 

y Equations  relating  elongation  and  gage  length  have  been  higjor- 
tsjrt  because  of  the  great  number  of  gage  lengths  in  common  use  and  the  j 


m: 


f^sirability  of  coii5>arixig  elongation  values.  Throughout  the  -world,  -the 
gage  lengths  used  for  determining  elongation  -vary  from  3.5^  to  10  times 
the  specimen  dlame-ter  for  rcnmd  specimens^  (4  to  11. 3  times  the  area 
for  flat  specimens)^  Even  inside  one  countzy,  -two  or  more  ^ige  lengths 
may  he  used,  rscme  of  -the  equations  relating  elongatlan  and  gage  length  , 

\  "O  -  — i 

Martens'^/  E  -  Eu  =  ^  (l) 


Bach(5) 

B 

E  -  C  =  jp 

w 

(2) 

Gallih(2) 

E  -  ^  ,^9a...^(l  -h 

PS 

Krisch  and  K-untze^^^ 

E  -  -  (Eo  - 

W 

Bauschinger(T) 

E  -  E^  = 

(5) 

BerteUa^®) 

E  -  C  = 

IP 

(6) 

vljere 

E  =  per  cent  elongation 

Ejj  =  per  cent  elongation  measiared  on  an  Infinitely  long 
gage  length 

Eq,  i  per  cent  elongation  measured  on  a  zero  gage  length 
BA  =  per  cent  reduction  in  area 
L  =  gage  length 
Dq  =  original  diameter 
A  =  original  area 

a,m,n,  =  constants 


I  In  ftl-l  the  equations  it  is  recognized  that  the  elongation  de- 
cnsases  to  some  limiting  value  as  the  gaga  length  approaches  Inflal-ty^ 
This  is  generally  termed  the  infini-te  gage  length  elongation.  fSi  some 
cases  -the  Umiting  elongation  for  zero  gage  length  is  used.  This  can 
he  calculated  from  the  reduction  in  area  if  constancy  of  -volume  is 
assumed.  Between  thetse  limiting  values  the  elongation  decreases  -with 
increasing  gage  length,  in  a  ccmplex  Ssjqjonential  manner  according  to 
Krisch  and  Kuntze,  or  with  an  exponential  ftmction  of  the  reciprocal 
of  the  gage  length.  This  exponent  is  1  according  to  Martens,  Gallik, 
and  Bauschinger,  2  according  to  Bach,  and  arbitrary  according  to 


The  dependence  of  elongation  on  specimen  cross-section  area  has 
always  been  recognized.  This  can  be  seen  by  the  designation  of  gage 
length  as  some  multiple  of  specimen  diameter.  Even  for  rectangular 
specimens,  gage  lengths  have  been  specified  as  a  multiple  of  -the  square 
root  of  the  area.  Since  the  elcshgatlon  deopends  on  -the  area  and  not  the 
dimensions,  -the  cross-section  sh^e  is  not  iagporbant.  Teaplin  re¬ 
ported  similar  elongation  values  for  -various  sheped  specimens,  in- 


eluding  tu[bul3x^j»  of  the  sane  axea.  Some  of  the  equations  relating  6* 
longation  in  a  fixed  gage  length  and  specimen  Uxoss-section  area  are: 


Bauschinger^  T) 

E  =  Eu  +  I^A 

(5) 

E  =  Altt/2 

(6) 

Tenplln^  9 ) 

E  =  C  A“ 

(7) 

where  the  teniis  have  the  sane  meaning  as  before.  All  three  equations 
show  that  the  elongation  increases  with  some  exponential  function  of  the 
area.  Templin' s  equation  does  not  consider  variations  in  both  gage 
length  and  area,  so  tlie  term  Eu  does  not  £®pear. 

Malmberg  studied  the  effect  of  various  factors  on  tensile  elonga¬ 
tion.  10  5y  measuring  the  strain  distribution  along  the  length  of  a  bar 
dtiring  straining,  he  showed  that  the  strain  is  fairly  unifoim  until 
just  before  maximna  load,  except  near  the  shoulders.  When  necking 
occtnred,  the  parts  of  the  bar  outside  the  neck  still  contintied  to  de¬ 
form,  until  just  before  the  fracture  load  was  reached.  On  round  ten¬ 
sile  bars  varying  in  size  from  5  to  25  mm.  diameter,  the  same  variation 
of  elongation  with  gage  length  was  foimd  for  all  bars  between  gage 
lengths  of  2  d  to  20  d.  This  sxqjports  the  lirportance  of  the  quantity 
JSyL  in  determining  elon^tion.  Te^sHe  bars  with  rectangular  cross 
sections  and  width-to*thickness  ratios  varying  from  1  to  20  and  areas 
from  25  to  1500  square  mm.  were  studied.  In  contrast  to  the  resxilts  on 
the  round  bars,  here  it  was  found  that  the  elongation  in  a  certain  gage 
length  expressed  as  a  multiple  of  the  square  root  of  the  area  did  de¬ 
pend  on  area,  and  tended  to  decrease  with  increasing  area.  Finally, 
the  effect  of  length  of  reduced  section  was  studied  on  romd  bars.  It 
was  found  that  the  shoulders  have  an  effect  over  a  length  1.5  to  3  times 
the  diameter.  Beyond  this  distance  from  the  shoulder,  the  strain  dis¬ 
tribution  was  independent  of  specimen  length. 

Mklowltz  studied  the  strain  distribirtion  in  various  size  flat 
tensile  bars.^^  He  concluded  that  because  of  shoulder  restraints, 
straining  is  non-uniform  from  the  very  onset  of  yielding.  In  line  with 
this,  he  maintained  a  constant  ratio  of  reduced  section  length  to 
specimen  width.  He  also  studied  in  detail  the  local  strains  occurring 
during  necking.  Aronofsky  also  studied  necking  int£f^Sj||^  tensile  barsl^. 
He  studied  the  effect  of  width  to  thickness  ratio  on  the  formation  of 
the  oblique  neck  that  forms  under  certain  conditions. 

Low  and  Prater  studied  the  effect  of  various  gecanetries  on  tensile^f 
elongation^Bo  They  showed  that  the  ratio  of  reduced  section  length  to 
specimen  width  determined  the  length  restrained  by  the  shoulders,  and 
hence  the  length  under  sinple  tension.  The  influence  of  lateral  re¬ 
straint  in  reducing  the  elongation  of  bars  of  width  to  thickness  rwtior 
greater  Iflian  6  was  pointed  out. 


FROCEDUEE 


Since  contributions  to  elraagation  can  ideally  be  considered  to 


tv-o  sources;  the  tmlTozm  eloag&tloQ  and  the  extension  ansoc*^ 
iated  with  the  neck,  the  effesft  of  speclaen  geooetiy  on  these  quanti¬ 
ties  was  to  he  determined.  QSxis  was  acccmplished  hy  photogridding  tlie 
specimens  with  a  grdd  spacing  of  twenty  to  the  inch  along  the  reduced 
section  and  analyzing  the  distribution  of  strain  thiou#out  this  region, 
with  particular  emphasis  placed  on  the  neC3&ed  region.  With  this  in 
mind  the  materials  used  were  Sfiftected  because  of  their  differences  is 
uniform  strain  values.  The  materials  used,  each  of  which  were  Indivi¬ 
dual  heats,  were  hard  drawn  and  annealed  copper,  AISI  1020  steel,  and 
Hj41  tool  steel.  The  copper  and  st«^  were  obtained  as  1^**  thick  by 
2  1/fi”  wide  bar  in  xandcoa  lengths  and  the  H  11  was  supplied  in  3/9" 
sheet.  Atter  insuring  the  hcanogeneity  of  the  material  hy  macroetching 
and  hardness  surveys,  tensile  specimens  of  various  thicknesses  and 
widths  were  prepared  from  the  bar  by  slicing  to  the  approodmate 
thickness  and  then  careful  grinding  to  size.  Specimen  thicknesses  from 
0.010  to  0.500  inches  were  prepared,  with  widths  ranging  from  1/8  to 
2  inches,  see  Figure  1.  This  resulted  in  specimen  width  to  thickness 
ratios  of  from  1j1  to  200sl  and  areas  ranging  from  0.0013  to  1.00 
square  inches  n. 

Tensile  properties  of  the  various  materials  used  are  summarized 
in  Table  I. 


WLE  I 


Yield  Tensile 
Strength  Strength 
Material  psi  psi 

Keduc- 
tioQ  in 
Area,  i) 

KLonga- 
tion,  . 
Total, 

KLoogatloi^ 

Uniform  Specimen 

^  Type 

Copper,  3^,800 

hard 
dimm 

37,000 

69-2  ' 

30.0 

7.0  .357"  D 

Copper,  8j900 

Anzxealed 

31,000 

TQvA 

37.9^ 

26,5  .357’'  D 

1020  Steel  32,300 

55,900 

63.0 

3T»l 

25.0  .357”  D 

'ifen 

250,900 

808 

5.0  If 2”  X  1/8' 

Tool  Sbeel 


The  copper  was  rscSived  in  the  hard  drawn  condition,  and  testing  was 
carried  out  after  machining  and  an  axineal  of  2  hours  at  I»00?F.  The 
annealed  copper  was  obtained  by  annealing  the  as-received  material  for 
one  hour  at  1200®F.  It  too  was  given  an  anneal  of  2  hours  at  ^KW^F 
after  machining.  The  AISI  1020  hot  rolled  steel  was  normalized  at 
1700“F  prior  to  machining  and  annealing  at  750 ®F  for  2  hours.  The  H  11 
tool  steel  was  machined  to  size,  austenitized  in  a  salt  pot  at  lBtJ0®F 
for  20  minutes  ( after  preheating  at  li<-50®F) ,  quenched  in  still  air, 
and  tempered  twice,  1  hour  each  time,  at  1050®F. 

i./ 


Sicce  the  specimens  were  of  various  sizes,  a  good  range  in  load 
capacities  was  necessary  and  three  different  tensile  testing  machines 
were  utilized.  The  head  speed  of  the  machines  was  regulated  so  that 
all  specimens  wexe  strained  at  an  initial  rate  of  0.01  Inches  per  inch 
of  gage  length  to  the  yield  and  then  ‘ht  0.02  inches  per  inch  of  gage 
lengthc'to  fracture. 

All  the  specimens  had  been  photogridded  prior  to  testing  with  the 
grids  spaced  at  twenty  to  the  Inch.  Grids  were  put  on  the  width  sxir- 
face  for  specimen  thicknesses  of  if  8”  or  less  and  on  both  the  width  and 
thickness  surfaces  for  speclaen  thicknesses  of  1/4"  and  3/2”,  see 
Figure  2.  As  shown  on  this  figure,  two  local  strains,  namely  thg  width 
and  longitudinal  strains,  could  easily  be  measured  on  all  speci^iens  and 
the  thickness  strain  could  be  measured  on  the  larger  specimens.  On  the 
thinner  specimens  the  average  thickness  strains  could  be  measured  di- 
rectly,  with  a  micrometer.  Purfchermore,  any  one  stiuin  can  be  calcu¬ 
lated  from  the  other  two,  since  because  of  constancy  of  volume,  the  sum 
of  the  principal  strains  is  zero. 

RESULTS  AltD  DISCUSSION  OF  BESULTS 

Since  the  distance  between  grids  on  a  longitudinal  line  running 
along  the  center  of  the  bar  was  measured,  the  elongation  for  any  gage 
length  could  be  deteimlned.  Plots  of  elongation  versus  various  combi¬ 
nations  of  gage  length,  and  area  were  constructed  and  observations  are 
made.  The  idealised  picture  of  tensile  deformation  is  that  a  test 
piece  contracts  imiformly  in  the  transveree  directions  as  it  elongates. 
This  imiform  deformation  continues  until  a  maximum  in  the  load  is 
rea,ched.  /'t  this  Doiru,  further  deformation  becomes  limited  solely  to 
a  reGt  ri cr  porribn.  of  the  test  piece  termed  the  neck.  The  siz,e  of 
this  necked  rct;ion  decendo  on  the  specimen  dimensions.  The  results 
will  be  discussed  in  terms  of  this  simplified  pictiue. 

A,  Effect  of  Gage  Length  on  Elongation 

Typical  results  showing  the  dependence  of  elongation  on  gage  lengih 
for  the  four  materials  are  shown  in  Figures  3a  to  d. 

In  each  case  the  elongation  decreases  as  the  gage  length  in¬ 
creases,  due  to  the  decrease  in  the  fraction  of  the  gage  length  repre¬ 
senting  the  necked  region.  There  are  three  features  of  each  curve 
which  are  worthy  of  further  discussion.  These  are  the  zero  gage  length 
elongation,  the  infinite  gage  length  elongation,  and  the  variation  of 
elongation  with  gage  length  between  these  two  values. 

T5ie  zero  gage  length  elongation  does  not  seem  to  be  a  constant 
value  for  a  given  material,  but  seems  to  decreeise  with  specimen  area. 
The  smallest  gage  length  measured  is  0.1  Inches  however,  and  closer 
agreement  might  have  been  obtained  if  the  zero  gage  len^h  elongation 
liali  been  calcrilated  from  measured  transverse  and  thickness  strains. 

It  was  not  possible  to  obtain  accurate  values  of  thickness  strain  at 
the  fractxore  however,  since  the  fracture  surface  often  cut  throu^  the 
region  of  minimum  thickness  at  an  oblique  angle.  Furthermore,  all 
elongation  values,  measured  along  the  center  line  of  the  specimen, 
include  a  gap  that  forms  between  the  two  halves  of  the  specimen  as  the 


fracture  propagates  from  the  center  outwalk.  IMs  gap  is  normally  In¬ 
cluded  in  standard  elongation  values  obtained  by  placing  the  broken 
halves  of  the  speclioen  together  and  is  generally  greater  the  greater 
the  specimen  thickness  o  Finally^  there  is  no  indication  that  bars  of 
different  geometries  fracture  at  a  ccmstant  value  of  longitudinal  * 

strain*  Results  by  Miklofwitz^  suggest  that  the  conditions  for  frac¬ 
ture  are  more  nearly  a  constant  thickness  strain* 

The  infinite  gage  length  elongation  is  the  elongation  that  a  bar 
infinitely  long  would  exhibit^;,  and  where  the  contribution  of  the  neck 
would  be  effectively  zero*  This  could  also  be  considered  to  be  the 
maaeimoE  uniform  extension  *  This  val^ae  should  be  independent  of  speci¬ 
men  size*  The  actual  results  for  the  longest  gage  lengths  measured  do 
not  show  this*  If  infinitely  long  ^ecimens  .had  been  used,  no  doubt 
this  would  have  been  observed^  but  the  restrsdnisg  effects  of  the 
shoulders  tend  to  reduce  the  elOEigatioa  in  this  regioa.  Of  some  inter¬ 
est  are  the  ve.ry  low  elongations  idisplayed  by  the  ®.010“  specimens, 
which  are  even  less  than  the  strains  at  msEinum  load  as  determined 
fr<mi  true  stress»stx’'.gda  testfs  on  round  bars*  The  reason  for  this  must 
lie  in  non-unlfortsity  of  the  original  test  piece*  Even  a  variation  in 
thickness  of  0*0005“,  which  represents  3i>  variation  in  area  for  a 
OoOlO”''  specimen,  would  tend  to  strengly  localize  deformation  from  the 
start  of  straining,  with  aacompanying  low  elaagation*  t 

!I5ae  vaxdatit'm  of  elaagation  between  zero  and  infinite  gage  length 
has  been  expressed  by  several  of  the  equatdons  presented  earlier*  It  ^ 

should  be  pointed  out  that  in  no  case  is  there  a  sound  fundamental 
reason  for  dezdving  any  of  the  equations,  bi^ond  reeogaizing  'the  sig¬ 
nificance  of  zero  and  Infiidte  gage  length  elongation* 

To  check  tirici-se  equations,  elmgation  has  been  plotted 

versus  i/l  and  l/4l'  in  Figures  1  and  5  for  each  material  at  one  size. 

The  results  show  that  either  relatxonsMp  is  valid  over  short  ranges 
of  L,  but  that  neither  holSs-  over  a  Large  range  of  gage  lengths.  In 
same  cases,  ace  or  the  other  relationship  does  give  a  reasonably 
strai^t  line,  but  for  mother  material  or  size  similar  results  are 
not  found.  It  has  been  noted  that  extrapolations  ©f  the  curves  to  in¬ 
finite  gage  lengths  do  not  yield,  a  eonstant  value,  and  in  some  cases 
yield  negative  values,  which  points  out  the  inadequacy  of  the  relation- 
shipe*'  Plots  of  the  same  data,  on  leg- log  coordinates.  Figure  4  *^0 
shew  a  strai^t  liafe  either,  showing  tiiat  Bertella®s  equation  (Eq*  6), 
is  not  eoiT'sct. 

After  ccsnsideilng  the  fact  that  there  is  no  known  theoretical 
basis  for  esqoecting  a.  sia^le  relationship,  coupled  with  experimental 
conditions  such  as  end  effects,  possible  non-homogeneity  of  material 
and  specimens,  and  the  oceurrance  of  double  necks,  it  is  not  sur¬ 
prising  that  no  one  equation  adequately  predicts  the  actuj^  variation 
of  elongation  with  gage  length*  # 

Bo  Effect  of  elmen  Area  on  Elongation  in  a  Fixed  Gage  Length 

The  results  plotted  in  Figure  7  show  that  over  a  range  of  sizes, 
there  is  a  linear  relationship  between  log  of  elongation  in  2”  and  log 
of  area.  There  is  considerable  scatter  however,  and  at  low  areas 


there  Is  a  deviation  from  the  linear  behavior.  These  points  represent 
the  thinnest  specimens,  where  dimensional  variations  would  have  the 
greatest  effect.  As  discussed  earlier,  many  of  the  elongation  values 
are  lower  than  the  strain  at  maximum  load,  which  supports  the  view¬ 
point  of  the  non-homogeneity  of  strain  because  of  dinwnsi<«al  varia¬ 
tions  . 


Three  equations,  Eqs.5,  6,  and  7>  mentioned  earlier,  relate  e- 
longation  to  some  power  of  the  area.  It  must  be  realized  that  for  a 
specimen  with  an  area  ^preaching  zero,  the  elongation  approaches  the 
Tjnifoim  elongation,  and  for  very  large  specimens,  the  elongation  in 
2  inches  approaches  the  zero  gage  length  elongation.  None  of  the 
equations  approach  these  limits  at  zero  or  infinite  gage  length,  which 
emphasizes  their  empirical  nature.  Bauschinger*s  and  Bertella*s 
equations  do  approach  a  finite  value  at  zero  area  however.  In  Figures 
8a  to  d  are  plotted  log  (El  -  Ely)  versus  log  area.  The  unifoim  e- 
longatlons  were  determined  from  true  stress-strain  tests.  It  can 
readily  be  seen  that  a  straight  line  can  be  drawn  here  also,  although 
from  a  practical  viewpoint  Templin' s  equation  is  to  be  preferred  since 
the  amount  of  scatter  for  the  lower  elongations  is  seemingly  reduced. 

GENERAL  DISCUSSION 

There  are  two  questions  concerting  the  observed  relationship 
between  elongation  and  area  which  are  of  interest.  The  firet  is  con¬ 
cerned  with  the  significance  of  area,  rather  than  width-to-thiclmess 
ratiol.or  reduced  section  length-to-wldth  ratio  in  determining  elonga¬ 
tion,  and  the  second  with  the  slope  of  the  straight  line  portions  of 
the  curves  in  Figure  7«> 

A.  Significance  of  Specimen  Area 

Figure  9  shows  a  plot  of  the  distribution  of  local  elongation, 
measured  over  gage  lengtlis  of  one  grid  spacing.  It  can  readily  be 
shown  that  the  elongation  over  a  two  inch  gage  length  can  be  repre¬ 
sented  on  such  a  plot  by  a  horizontal  line  drawn  such  that  the  area 
laader  it  is  the  same  as  the  area  lander  the  curve.  Figure  9  shows  a 
plot  of  strain  distribution  for  three  bars  of  the  same  cross-section 
geometry,  but  different  areas.  The  simpes  of  the  ctirves  are  generally 
the  same,  except  that  as  the  specimen  area  gets  larger,  the  curve  gets 
broader  which  is  an  indication  of  the  larger  extent  of  the  necked 
region.  There  is  aa  effect  of  size  on  the  maximum  strain.  Here  again, 
the  arguments  advanced  in  the  earlier  discussion  are  valid,  in  which 
it  was  pointed  out  that  the  true  zero  gage  length  elongation  was  not 
determined.  Further  the  local  strain  at  the  extremities  of  the  gage 
length  section  is  greater  for  the  larger  area  bar,  because  of  the 
closer  proximity  to  the^eck.  All  in  all  however,  the  greater  elonga¬ 
tion  in  2  inches  (area  under  the  curve)  for  the  larger  area  bars  can 
be  attributed  to  the  larger  extent  of  necked  region. 

Figure  10  shows  siadlar  plots  of  local  strain  for  three  bare 
having  the  same  area.  Within  ej^erimental  acciiracy,  these  bars  have 
the  same  elongation,  and  hence  the  same  area  under  the  curve.  Notice 
now  that  the  shapes  of  the  curves  are  quite  different.  At  a  width-to- 
thickness  ratio  (w/t)  of  1,  the  local  strain  decreases  xmiformly  with 
distance  from  the  fracture.  As  w/t;  increases,  there  is  a  tendency  for 


a  Bsore  rapid  decrease  of  strain  ■witli  distance  in  a  very  nanw  range  in 
the  vicinity  of  the  fractiirej  with  a  change  to  a  more  gradual  decrease 
at  larger  distances  from  the  fracture.  The  height  of  the  curve  for 
hi^  w/t  ratios  is  such  that  at  intezmediate  distances  from  the  frac¬ 
ture  it  lies  below^  and  at  lar^  distances  from  the  fracture  it  lies 
above  the  curve  for  a  square  specifflen,  with  the  net  result  being  the 
same  area  under  the  curve. 

Becaxzse  of  the  constancy  of  volume,  it  is  possible  to  break  the 
longitudinal  strains  into  a  coa^poiaent  of  transverse  or  width  strain 
and  thiclmess  strain.  Pur^iher  insight  into  the  shape  of  the  cnirves 
can  possibly  be  found  by  considering  the  effect  of  width-to»thickness 
ratio  separately  on  width  and  thidsaess  strains.  Sosne  results  are 
plotted  in  Figure  11,  where  true  strains  have  been  used,  since  here 
the  sum  of  the  width  sand  thieteaess  strain  should  equal  the  longitudi¬ 
nal  stmin.  The  width  strains  were  determined’  over  a  one  grid  length 
(0.05°®),  whereas  the  thictaess  strains  were  determined  over  the  whole 
thickness. 

Ihe  results  eleai*ly  shew  the  differing  behavior  for  the  various 
w/fc’s.  For  a  w/fc  of  1,  the  width  and  thickness  strains  are  almost 
equal.  (The  hard  drawn  copper  is  actually  sli;^tly  anisotropic,  by 
virtue  of  having  a  preferred  orientation  arising  from  cold  working.) 

As  w/t  increases,  there  is  a  restraint  in  the  width  direction  ^d  the 
ratio  of  the  tMctaiess  strain  to  the  width  strain  increases  at  the 
fracture,  so  that  most  of  the  elongation  at  this  point  arises  fzrom 
the  contriljution  of  the  tMekaess  strain. 

3.  Significance  of  Eaqpoaeat  la  Teaplin^s  Equation 

Of  some  la®)ort;anee  is  the  slope  of  the  curves  la  Figure  7>  which 
is  characterized  "by  the  es^aent  “a®'  in  Teag)lin®s  equation,  Eq.  7* 

The  importance  of  this  lies  in  the  fact  that  it  is  a  measure  of  the 
sensitivity  of  elongation  values  to  thickness  changes.  It  would  tell, 
for  example,  whether  two  materials  which  hjave  the  same  elongation 
value  at  a  thickness  of  1^6"  would  also  ’have  the  same  elongation  at 
some  other  thickness.  One  is  teapted  to  look  upon  the’ea^onent  “n” 
as  a  material  property,  which  can  be  determined  and  tabulated.  A  , 
little  reflection  eta  the  problem  will  show  the  fallacy  of  such  an 
approach. 


Consider  the  case  of  the  same  materials  used  in  this  investiga^ 
tion,  but  fracturing  at  a  lower  strain .  The  carves  of  percent  elonga¬ 
tion  versTOB  gage  lessgth.  Figure  3^  would  then  have  a  different  shape. 
IMs  has  in  effect  been  dona  by  puHiag  various  size  bars  to  as  con¬ 
stant  a  strain  as  possible  at  the  center  of  the  neck,  but  below  the 
fracture  strain,  and  measuring  the  strain  distribution.  These  results 
are  plotted  in  Figures  12a  to  c  together  with  strain  distributions 
from  the  fractured  bars.  It  is  readily  apparent  that  at  small  gage 
lengths  the  elongations  are  much  lower  for  the  bars  not  fractured, 
but  that  as  the  gage  lengths  increase,  the  elongations  for  the  two 
cases  approach  each  other,  and  for  an  infinite  gage  length  they  would 
presumably  be  the  same.  Note  fiurther  that  for  some  intermediate 
gage  leni^h,  say  2  inches,  the  spread  in  elon^tion  values  between  the 
,§mallest!i!iana  largest  areas  is  less  for  the  bars  pulled  to  a  strain 


less  than  the  fracture  strain  than  for  the  bars  pulled  to  fracture. 

If  these  values  of  elongatim  are  plotted  versus  area  as  fonnerly, 
the  results  such  as  in  Figure  13  are  obtained.  AUoiring  for  eucperi- 
mental  scatter  and  for  the  fact  that  all  bars  were  not  pulled  to  ex*- 
actly  the  same  strain^  it  can  be  seen  that  a  straight  line  is  obtained^ 
but  with  a  lower  slope  than  for  the  bars  pulled  to  fracture.  In  fact, 
in  an  extreme  case,  if  the  baars  were  all  pulled  to  or  fractured  at  or 
before  the  limit  of  unifoim  strain  the  elongation  vould  be  the  same 
for  all  bars  over  all  gage  lengths,  and  the  slope  would  be  zero  on  a 
log- log  plot  of  elongation  versus  gage  length. 

From  these  comsideratiooLS,  it  can  be  seen  that  the  eacponent  ”n“ 
in  Tenp3dn*s  equation  is  not  a  general  material  property  which  can  be 
t^ulated,  but  rather  derpeads  on  the  ductility  of  the  specific  lot  of 
materfal  being  tested.  For  two  different  materials  with  the  same 
uniform  strain,  the  one  having  the  hlghef  fracture  strain  would  have 
the  greater  value  of  the  expedient  “n™.  Similarly,  for  a  constant 
fracture  strain,  the  lower  the  unifoim  strain  the  higher  the  value  of 
this  eaepement.  The  quantity,  determinable  from  a  single  tensile  test, 
which  best  correlates  with  Teirplin^s  eaeponent  "n”  is  probably  the 
ratio  of  the  fracture  to  the  uniform  strain.  Unfortunately,  the  high 
strength  sheet  materials  of  current  interest  do  have  a  low  value  of 
uniform  strain  with  moderate  fracture  strains,  so  that  their  elcaagation 
values  are  quite  sensitive  to  variations  in  thidmesso 

Prediction  of  Per  Cent  Elongation 

In  many  cases,  it  would  be  desirable  to  be  able  to  predict  the 
elongation  for  any  arbitrary  size  specimen.  Lacking  coaplete  data  for 
many  specimens  which  would  allow  an  interpolation  to  be  made,  there  is 
a  method  which  suggests  itself.  IMs  is  based  on  the  concept  that  a 
constant  elongation  is  obtained  if  Is  maintained  constant,  as 
suggested  by  BauscMnger*s  equation,  Eq.  5®  Malmberg  found  this  to  be 
valid  for  round  bars,  but  not  for  rectangular  bars.  The  results  of 
this  investigation  support  Malmberg  and  show  that  this  is  not  generally 
true.  Nevertheless,  under  some  conditions  it  is  a  good  ^proxlmation. 
If  it  is  valid,  then  at  a  constant  valtie  of  elongation: 

1*1  ^  ^ 

Pa 

where  L  and  A  are  the  gage  lengths  and  area  of  two  different  bars  1  and 
2.  To  determine  the  elongation  in  a  length  Lg  on  a  bar  with  an  area 
A2  from  measurements  on  a  bar  with  area  Ai  .  sljnply  measureltJjfeeflia^dfciSHt 
on  bar  1  over  a  gage  length  L]_  =  L2  ®  From  this  relation,  the 

elongation  in  a  fixed  gage  length  for  any  area  bar  can  be  calculated 
from  measurements  over  different  gage  lengths  *on  one  bar. 

Some  results  using  this  method  have  been  calculated  for  several 
size  bars  of  the  various  materials,  and  are  plotted  in  Figure  l4  with 
the  experimentally  determined  results  from  Figure  7.  In  some  cases,  Hi 
tte  points  do  not  lie  on  the  experimentally  determined  evirve,  since 
the  standard  2  inch  elongation  for  the  bar  used  lie  off  the  curve.  In 
general  the  results  are  good,  and  the  slopes  of  the  experLmental  and 


calculated  cvar/es  are  the  saxa&.  Deviations  axe  noted  when  the  elonga* 
tios  must  he  measured  over  such  a  long  gage  length  that  either  a 
second  necked  region  or  end  restraints  are  encountered. 


In  a  practical  sense^  this  principle  could  be  applied  to  standard 
1/2"  wide  speclmeae.  Si^pose  for  exanple  one  had  available  and  knew 
the  properties  of  1/8"  sheet.  ¥hat  elongation  would  be  expected  in 
she;et  0.080"  thick  ?  From  the  above  relation ,  one  can  determine  that 
the  elongation  measured  on  L  2  -  2.5  of  the  1/8"  sheet  is 

the  same  as  the  elongation  la  2  incMg°On  O.080"  sheet.  Accurate 
values  should  be  obtained  if'  the  areas  do  not  differ  appreciab3y. 


SUMMAEf 


A  study  has  been  made  of  the  effect  of  specimen 
width  and  thickness  on  th©  elongation  as  ^temined  In 
Hard“drscwB  copper annealed  copper,  1020  ^jlreel,  and  H 
studied.  “ 
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lie  test, 
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Althou^  a  number  of  relationships  haVe  been  pieposed  to  e^qplain 
the  variation  of  elongation  with  gage  length,  the  resulta  show  that 
no  one  relationship  adequately  describes  the  course  of  the  curves. 

The  elongation  in  2  inches  is  found  to  vary  approximately  linearly 
with  the  specimen  area  on  a  log" log  plot,  showing  agreement  with 
Teinplin*3  equation.  The  reason  for  the  dependence  of  elongation  on^ 
specimen  area  rather  than  wldth-to-'thickness  ratio,  can  be  seen  from  a 
study  of  the  local  width,  thickness  and  longitudinal  strains. 

The  sensitivity  of  elongation  to  specimen  area  or  thickness,  as 
measured  by  the  exponent  "n"  in  Tenplin*s  equation,  EL  »  CA®,  is  de¬ 
pendent  on  the  fracture  strain  as  well  as  the  unlfoxm  strain,  and 
hence  varies  from  heat  to  heat  of  material.  This  exponent  is  most 
closely  related  to  the  ratio  of  fracture  strain  to  uniform  strain. 

If  is  maintained  constant,  the  elongation  will  be  approxi¬ 
mately  constant.  Using  this  relation,  it  is  possible  to  estimate  the 
elongation  for  any  sise  bar  frm  measurements  made  on  one  bar. 
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GAGE  LENGTH  “  ll.3\)W  t 


WHERE 


W:  1/8",  l/H",  1/2",  I",  1-1/2",  AND  2* 
t;  0.010",  0.020",  O.OHO",  0.080",  0.125",  0.250",  AND  0.500" 
(IN  NO  CASE  HAS  W/t  <  I) 

c:  1/2"  FOR  H  -  1/8"  AND  1/4",  I"  FOR  H  -  1/2",  2"  FOR 
W  -  I",  AND  2-1/2"  FOR  H  ■  1-1/2"  AND  2" 

R:  I"  RADIUS  IN  ALL  CASES 
I,:  11.3  S/Wt,  8UT  HINIHUH  2" 

FIGURE  I:  FLAT  TENSILE  SPECIMEN 


FIGURE  2:  STRAIN  DIRECTIONS  IN  TENSILE  SPECIMEN 


FIGURES  I  &  2 


(V.  )  ELONGATION  ELONGATION 


GAGE  LENGTH  (INCHES) 


FIGURE  3A 


GAGE  length  (INCHES) 

FIGURE  3B 

VARIATION  OF  ELONGATION  WITH  GAGE  LENGTH 


FIGURES  3A  &  38 
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FIGURE  3C 


GAGE  length  (INCHES) 


FIGURE  3D 

VARIATION  OF  ELONGATION  WITH  GAGE  LENGTH 


FIGURES  3C  &  3D 


GAGE  LENGTH 


FIGURE  >4:  VARIATION  OF  ELONGATION  WITH  I/GAGE  LENGTH 


\|  GAGE  LENGTH 


FIGURE  5:  VARIATION  OF  ELONGATION  WITH  1/  \jGAGE  LENGTH 


FIGURES  4  &  5 


(*/.)  ELONGATION  (2"GA6E  LENGTH  ) 


AREA  (INCHES*  ) 


FIGURE  7:  EFFECT  OF  SPECIMEN  AREA  ON  ELONGATION  IN  2  INCHES 


FIGURES  6  &  7 
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FIGURE  8C 
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FIGURE  8D 

EFFECT  OF  SPECIMEN  AREA  ON  TOTAL-UNIFORM  ELONGATION 


FIGURES  8C  &  8D 


GRID  POSITION 


LONGITUDINAL  STRAIN  DISTRIBUTION  IN  GAGE  LENGTH  SECTION  FOR 
BARS  OF  DIFFERENT  AREA 


FIGURE  9 
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GRID  POSITION 


FIGURE  10:  LONGITUDINAL  STRAIN  DISTRIBUTION  IN 
GAGE  LENGTH  SECTION  FOR  BARS  OF  SAME 
AREA  BUT  DIFFERENT  GEOMETRY 
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GRID  POSITION 


FIGURE  II:  WIDTH  AND  THICKNESS 
STRAIN  DISTRIBUTION 
IN  GAGE  LENGTH  SECTION 
FOR  BARS  OF  SAME  AREA 
BUT  DIFFERENT  GEOMETRY 
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FIGURE  13:  VARIATKHI  OF  ELONGATION  IN  2  INCHES  WITH  SPECIMEN  AREA 


SPECIMEN  AREA 


FIGURES  13  &  lU 


